The clinical and histological criteria used to diagnose lymphadenitis caused by Mycobacterium tuberculosis complex organisms have poor specificity. Acid-fast staining and culture has low sensitivity and specificity. We report a novel method for diagnosis of tuberculosis that uses immunohistochemistry to detect the secreted mycobacterial antigen MPT64 on formalin-fixed tissue biopsies. This antigen has not been detected in nontuberculous mycobacteria. Polymerase chain reaction (PCR) for amplification of IS6110 from DNA obtained from the biopsies was used as a gold standard. Fifty-five cases of granulomatous lymphadenitis with histologically suspected tuberculosis obtained from Norway and Tanzania were evaluated. Four known tuberculosis cases were used as positive controls, and 16 biopsies (12 foreign body granulomas and four other non-granulomatous cases) as negative controls. With immunohistochemistry, 64% (35/55) and with PCR, 60% (33/55) of granulomatous lymphadenitis cases were positive. Using PCR as the gold standard, the classical tuberculosis histology had sensitivity, specificity, positive and negative predictive values of 92, 37, 60, and 81%, respectively, and immunohistochemistry had sensitivity, specificity, positive and negative predictive values of 90, 83, 86, and 88%, respectively. The observed agreement between PCR and immunohistochemistry was 87% (j ¼ 0.73). Immunohistochemistry with anti-MPT64 antiserum is a rapid, sensitive, and specific method for establishing an etiological diagnosis of tuberculosis in histologic specimens. Immunohistochemistry has the advantages over PCR of being robust and cheap, and it can easily be used in a routine laboratory.
Primarily considered a pulmonary disease, tuberculosis can affect almost any organ system, with lymph node involvement being the most common form of extrapulmonary tuberculosis.
1 HIV infection and other immune-compromising conditions have resulted in an increase in the incidence of tuberculous lymphadenitis. [2] [3] [4] Mycobacterium tuberculosis and, to a lesser degree, Mycobacterium bovis have previously been supposed to be the most common causative agents of tuberculous lymphadenitis. 5 However, a substantial number of cases of granulomatous lymphadenitis are caused by non-tuberculous mycobacteria, especially in countries with high prevalence of these mycobacteria. [6] [7] [8] Diagnosis of tuberculous lymphadenitis is a challenge. The clinical criteria used for diagnosis have poor sensitivity and specificity and may lead to over-diagnosis, especially in countries with high endemic rates of tuberculosis. 9 A diagnosis is confirmed by the presence of acid-fast bacilli and/ or isolation of M. tuberculosis in culture from biopsy specimens or fine-needle aspirates. Staining for acid-fast bacilli has low sensitivity, as its detection limit is 410 4 bacilli per slide, or 10 4 bacilli per ml of specimen, 10, 11 and most cases of tuberculous lymphadenitis are paucibacillary. It does not differentiate mycobacterial species either. Mycobacterial culture takes several weeks and its sensitivity is also low in paucibacillary conditions. 9, [12] [13] [14] Thus, there are samples that are both acid-fast bacilli-and culture-negative. A diagnosis is therefore usually made on the basis of the classical histological changes of chronic granulomatous inflammation suggestive of tuberculosis. These histological features can be found in various conditions and diseases other than tuberculosis, and in immunocompromised tuberculosis patients the histological features can be atypical, leading to considerable difficulty and delay in diagnosis. 15, 16 It is not possible to differentiate between mycobacterial species on histology alone. The management of lymphadenitis caused by M. tuberculosis and by non-tuberculous mycobacteria differs. Surgical excision may be the only treatment required for localized cases caused by non-tuberculous mycobacteria, and for cases requiring chemotherapy, drug doses and combinations are in general higher than those recommended for tuberculosis, and there are many side effects. 17 An incorrect diagnosis of tuberculosis leads to increased morbidity and mortality due to suboptimal or wrong treatment and has significant economic implications. Thus, there is a great need to develop new methods to improve the diagnostic tests for tuberculosis, and to determine the type of mycobacterium involved, for better clinical management.
Immunohistochemistry using specific antibodies has the potential to reveal any mycobacterial antigen, and the presence of an intact bacillary cell wall is not a prerequisite. Thus, immunohistochemistry is generally considered to be more sensitive than acid-fast staining and has been investigated in order to improve the diagnosis of tuberculosis, mainly by the use of a commercially available antiBacillus Calmette Guérin (BCG) antiserum (Dako), 11, [18] [19] [20] or in-house anti-mycobacterial antisera. 21 However, immunohistochemistry has so far not been shown to be more sensitive in extrapulmonary paucibacillary cases, which are difficult to diagnose. In addition, Dako anti-BCG is not specific for mycobacteria. 22, 23 The ability of immunohistochemistry to distinguish between M. tuberculosis complex organisms (M. tuberculosis, M. bovis, M. bovis BCG, M. africanum, and M. microti) and nontuberculous mycobacteria has not been investigated. Recently, use of the polymerase chain reaction (PCR) for amplification of IS6110, which is specific for M. tuberculosis complex organisms, from formalinfixed tissue biopsies has been reported. 24, 25 PCR is, however, expensive to use in a routine laboratory and is also sensitive to contamination. Immunohistochemistry has the advantages over PCR of being robust and cheap, and it can be easily used in a routine laboratory. Here we investigated the diagnostic potential of immunohistochemistry on tissue sections for specific detection of M. tuberculosis complex organisms by using an antibody to the secreted antigen MPT64 that we raised in-house. This antigen has not been detected in non-tuberculous mycobacteria. 26, 27 Dako anti-BCG does not contain antibodies against this antigen, as the region encoding the corresponding mpb64 gene is deleted from the Danish 1331 BCG strain used for generation of these antibodies. 28 The immunohistochemistry results were compared with PCR detection of IS6110.
Patients and methods
The study was performed on lymph node biopsies from 55 cases of clinically and histologically suspected tuberculosis lymphadenitis. Table 1 shows the baseline features of patients and positive and negative controls. Twenty cases were obtained from the archives of the Department of Pathology, Haukeland University Hospital, Norway. Thirty-five cases were from patients diagnosed with mycobacterial lymphadenitis in an epidemiological study from the Mbulu, Babati, and Hanang districts in the Arusha region, Tanzania. Diagnosis was followed by treatment with a full course of antituberculosis chemotherapy. 29, 30 The majority of patients presented with swelling in the neck; other symptoms such as fever, pain, and weight loss were infrequent. All participants gave verbal consent to the study. Ethical clearance was obtained from ethical committees in both Tanzania and Norway.
Histological Examination and Immunohistochemistry
Parallel, 5-mm-thick sections were prepared from formalin-fixed, paraffin-embedded biopsies. Two sections were stained with haematoxylin-eosin and Ziehl-Neelsen for acid-fast bacilli, respectively. Acid fast staining was analyzed under high power lens ( Â 40). Immunostaining was carried out using the EnVision þ System-HRP (DakoCytomation, Denmark). Briefly, after deparaffinization and rehydration, the sections were exposed to microwave antigen retrieval using citrate buffer, pH 6.2, at 750 W for 10 min, and at 350 W for 15 min. The sections were cooled for 20 min at room temperature and then incubated with hydrogen peroxide for 5 min. Primary antibodies-polyclonal anti-BCG (Dako) in 1:5000 dilution and anti-MPT64 (inhouse) in 1:250 dilutions-were then applied to the sections for 45 min. These dilutions were decided upon by titration of the antisera on the positive controls and selected test blocks. This step was followed by washing and a 40-min incubation with anti-rabbit dextran polymer conjugated with horseradish peroxidase. Visualization was performed with 3-amino-9-ethylcarbazol containing H 2 O 2 as substrate, applied for 10 min. Sections were counter-stained with haematoxylin. Two negative controls were used, one where the primary antibody was substituted with antibody diluent and the other with an irrelevant rabbit polyclonal antibody.
Antibodies
We used in-house anti-MPT64 antibodies. These antibodies were raised by immunization of rabbits with MPT64 antigen purified from M. tuberculosis as described. 31 Anti-MPT64 was absorbed with an MPT64-non-producing BCG strain to remove the crossreactive antibodies. The BCG strains were cultivated as surface pellicles on wholly synthetic Sauton liquid medium for 3 weeks at 371C. The bacteria were washed and disrupted by a bead beater to yield a cellular extract, and the culture medium was filtered to remove residual bacteria and concentrated by ammonium sulfate precipitation at 80% saturation. The specificity of the absorbed anti-MPT64 was tested on various purified mycobacterial antigens. These antigens were separated under reducing conditions by horizontal sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in precast 8-18% gradient Excel gels using a Multiphor II unit 2117 (Amersham Pharmacia, Uppsala, Sweden). After separation, the proteins were transferred onto a nitrocellulose membrane (pore size, 0.2 mm) by diffusion blotting 32 and the gel was stained with Coomassie brilliant blue (CBB). The membranes were blocked with PBS containing 2% bovine serum albumin and 1% gelatin and incubated with unabsorbed or absorbed anti-MPT64 antibodies for 1 h. Bound antibodies were recognized by horseradish peroxidase-labeled anti-rabbit Ig. As substrate, 3,3-diaminobenzidine was added to visualize the bound antibodies.
DNA Extraction and Nested PCR for IS6110
From each paraffin-embedded tissue block, three to six 10-mm-thick sections were cut and placed in a sample preparation tube. To prevent carryover tissue contamination of the samples, the microtome blade was cleaned with xylene or 100% ethanol after sectioning each sample. Each case was tested in triplicate. Proteinase K digestion of the tissue sections was performed by using the MagAttract s DNA Mini M48 kit (Qiagen, West Sussex, UK). The protocol provided with the kit was modified. An increase in incubation time with proteinase K to 48 h enhanced the mycobacterial DNA yield. Fresh proteinase K was added after 24 h. Sonication of the samples for mycobacterial cell lysis after 24 h of incubation had no effect on mycobacterial DNA extraction. DNA isolation was performed using a BioRobot M48 (Qiagen). The purified DNA was suspended in 50 ml of sterile deionized water. M. tuberculosis complex-specific DNA was amplified by nested PCR for the IS6110 sequence. For the first PCR, 5 ml of DNA extracted from each sample was added to 45 ml of a PCR reaction mixture containing 25 ml of HotStarTaq master mix (Qiagen) (2.5 units of HotStarTaq DNA polymerase, 1 Â PCR buffer, and 200 mM of each dNTP), 0.25 ml of each 100 mM primer stock solution, and distilled water to a final volume of 50 ml. For the second PCR, 1 ml of the first PCR product was used as template. The primer sequences and PCR programs are described in Table  2 . PCR products were analyzed using 3% NuSieve agarose gels. All testing was performed as generally recommended in the guidelines for molecular diagnostic methods, with unidirectional workflow and physical separation of reagent preparation, amplification, and product detection procedures. The control samples included defined positive and 
Confirmation of Amplification Specificity
The specificity of the 92-bp nested PCR product was confirmed by direct sequencing. The PCR products were purified using the ExoSap-IT clean-up method. Briefly 5 ml of PCR products were mixed with 2 ml of ExoSap-IT solution and treated for 15 min at 371C, then the enzymes inactivated by heating at 801C for 15 min, followed by cooling at 41C. The sequencing solution was prepared by using a BigDye Terminator v1.1 Cycle sequencing Kit (Applied Biosystems, California, USA). A final volume of 10 ml was made up by adding 3.5 ml of ddH 2 O, 1.5 ml of 5 Â BigDye buffer, 1 ml of BigDye, 0.8 ml of 2.5 mM primers, and 3.2 ml of cleaned PCR products. The cycle-sequencing reaction was incubated at 961C for 5 min, followed by 25 cycles of denaturation at 961C for 10 s, annealing at 551C for 5 s and extension at 601C for 4 min. The reaction mixture was then cooled to 41C. Automatic sequencing was performed on an ABI PRISM 310 genetic analyzer (Applied Biosystems).
Results
Histology, Staining for Acid-Fast Bacilli, and Culture
Both necrotic and non-necrotic granulomas with epithelioid cells and multinucleated giant cells characteristic of tuberculosis were observed in these patients. Necrotic granulomas were found in 75% of the patients, whereas 25% had both necrotic and non-necrotic granulomas. There were no differences in histology between the Norwegian and Tanzanian patients. With Ziehl-Neelsen staining only two Norwegian cases were positive, with very few bacilli, and all the Tanzanian cases were negative.
Among the 19 Tanzanian cases for which culture results were available, only one was culture-positive. No culture results were available for the Norwegian cases.
Immunohistochemistry
Immunohistochemistry with Dako anti-BCG antibodies stained the four positive controls, but none of the lymphadenitis cases or the negative controls.
The initial experiments with the anti-MPT64 antiserum indicated that there was some crossreactivity, as five of 16 negative controls were positive. To enhance the specificity, the antiserum was absorbed with antigen extracts of MPT64-non-producing BCG strains, which resulted in total removal of signal from two samples (foreign-body granulomas), and partial reduction in the other two (also foreign-body granulomas) of these five 'false-positive' controls. The effect of absorption on the staining of a biopsy from a foreign-body granuloma is shown (Figure 1a and b). Absorption of the antiserum enhanced the specificity but did not affect the sensitivity, as there was no difference in the staining of positive controls (Figure 1c and d) . The effect of absorption was also demonstrated by Western blotting with antigens from M. tuberculosis, purified MPT64, and MPT64 producer and non-producer BCG strains. Reactivity with components other than MPT64 disappeared after absorption (Figure 2) . Absorption of the antiserum with BCG extracts seemed to be specific for reduction of crossreactivity, as absorption with five other bacterial lysates (Escherichia coli, Enterococcus faecalis, Staphylococcus epidermidis, Staphylococcus aureus, and alpha-hemolytic streptococcus) had no additional effect on the specificity. With absorbed anti-MPT64 antibodies, 95% (19/ 20) and 46% (16/35) of the cases were positive in the Norwegian and Tanzanian material, respectively ( Table 3 ). The MPT64 antigen was detected as granular cytoplasmic staining in the positive controls (Figure 1c and d) and in granuloma cells in the tuberculosis cases (Figure 3) . The surrounding normal-looking tissues in the tuberculous lymph nodes did not show staining. Within granulomas, antigen was mainly detected in the epithelioid cells and giant cells. Necrotic centers were negative in the Improved diagnosis of tuberculous lymphadenitis T Mustafa et al majority of cases ( Figure 3) . The intensity and extent of staining varied. In some, most of the cells in the granulomas were strongly positive, while in others only a few cells showed strong or moderate intensity. Any positive signal was recorded. Differences in the staining intensity or pattern of staining could not be explained on the basis of patient's clinical information or histology. All the positive controls were positive, whereas three of the 16 negative controls (two foreign body granulomas and one tumor) were also positive.
Polymerase Chain Reaction
With PCR, 85% (17/20) and 46% (16/35) of the cases were positive in the Norwegian and Tanzanian material, respectively (Table 3) . Most of the samples were positive upon nested PCR only, including 13 of 17 Norwegian cases and 15 of 16 Tanzanian cases. In some cases, all three samples from one case were positive whereas in others only one or two among the triplicates were positive (Figure 4 ). All the positive controls were positive, whereas three of the 16 negative controls (two foreign-body granulomas and one tumor) were also positive. The results with immunohistochemistry and PCR were reproducible, as tested by repeating the immunohistochemistry on all cases and PCR on six of the cases and controls. There were no differences between the positive staining with MPT64 and PCR with respect to age and gender. In order to confirm the specificity of PCR for the detection of M. tuberculosis complex organisms, a selected number of cases and controls (four granulomatous lymphadenitis cases, four positive controls, and one tumor negative control) were sequenced. All the amplified sequences were IS6110 of the M. tuberculosis complex.
Validation of Immunohistochemistry as a Diagnostic Test
Classical tuberculosis histology cannot differentiate between mycobacterial species. This became evi- ) show magnified images of the marked areas. Staining of negative controls with unabsorbed anti-MPT64 serum disappeared upon absorption, whereas there was no effect on the MPT64-specific staining in the positive controls.
Improved diagnosis of tuberculous lymphadenitis T Mustafa et al dent when histological changes typical of tuberculosis were validated as the diagnostic test to detect M. tuberculosis complex organisms by using PCR as the gold standard. Among the Norwegian cases, the sensitivity and specificity of histology were 85 and 81%, respectively, and the positive and negative predictive values were 85 and 81%, respectively. Among the Tanzanian cases, the sensitivity was 84%, but the specificity was reduced to 41%. The positive predictive value was as low as 46%. The negative predictive value was 81%. Overall, in the combined Tanzanian and Norwegian populations, the sensitivity, specificity, positive and negative predictive values were 92, 37, 60, and 81% respectively. The diagnostic validity of immunohistochemistry with MPT64 for M. tuberculosis complex organisms by using PCR as the gold standard gave promising results (Table 3) . Among Norwegian cases, the sensitivity was 100%. The specificity was 33%, but this was based on only one of three cases. The positive and negative predictive values were 90 and 100%, respectively. Among Tanzanian cases the sensitivity and specificity were 88 and 90%, respectively, and the positive and negative predictive values were 88 and 90%, respectively. Overall, in the combined Tanzanian and Norwegian populations, including the positive and negative controls, the sensitivity, specificity, and positive, and negative predictive values were 90, 83, 86, and 88%, respectively. Table 3 shows the agreement between the two tests. The observed agreement was 87%, with k of 0.73. Immunohistochemistry for MPT64 is therefore a highly reliable method for detecting M. tuberculosis complex organisms.
Discussion
This is the first study to investigate the in vivo expression of MPT64 for diagnostic purposes in tissue biopsies. The antigens of tubercle bacilli expressed after in vitro culture of the organism on The observed agreement between the two tests was 87%, with k of 0.73.
Improved diagnosis of tuberculous lymphadenitis T Mustafa et al synthetic media are relatively well known, whereas the in vivo expression pattern has not been extensively studied. This study showed that both immunohistochemistry with anti-MPT64 antiserum and PCR for IS6110 are sensitive and specific methods for establishing a diagnosis of tuberculosis in routinely processed, formalin-fixed, paraffinembedded histological specimens.
In the positive controls, immunohistochemistry with Dako anti-BCG gave positive signals in areas where acid-fast staining was negative, indicating that it is more sensitive than acid-fast staining in multibacillary cases. This has also been shown by others. 11, 20, 21 Among the acid-fast bacilli-negative lymphadenitis cases, immunohistochemistry with Dako anti-BCG was negative and not more sensitive than acid-fast staining. In contrast, MPT64 was demonstrated in the majority of cases. It is important to note that Dako anti-BCG does not contain anti-MPT64 antibodies. The findings indicate that MPT64 may be unique in this respect of in vivo expression.
It is difficult to explain the positive staining and PCR in three of the 16 negative controls. These were foreign-body granulomas and one malignant tumor in patients from Norway. The tumor was positive with both immunohistochemistry and PCR. The patient was 60 years old and the possibility of latent tuberculosis infection or reactivation cannot be excluded. PCR can be positive in latently infected individuals. 33 In the two foreign-body granuloma controls that were positive on PCR, from adults aged 31 (weak positive on PCR) and 57 years from Norway, explanation on the basis of latent tuberculosis infection is unlikely, though not impossible. Foreign-body granulomas are well known for giving nonspecific staining by immunohistochemistry, and the positive results in two such negative controls were most likely due to residual irrelevant antibodies in the absorbed anti-MPT64 reagent. Absorption reduced the signal in these controls-an observation that supports this conclusion. 
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All the Tanzanian lymphadenitis patients were originally diagnosed as tuberculosis and given treatment accordingly. In retrospect, in only 45% of the cases was the disease shown to be caused by M. tuberculosis complex. 9 Over-diagnosis of tuberculous lymphadenitis with subsequent over-treatment represents a general problem, especially in high-endemic countries, and results in incorrect use of chemotherapy and increased morbidity, with possible serious economic consequences. The high specificity and sensitivity of immunohistochemistry for MPT64 may help to reduce this problem. The lower number of M. tuberculosis complex positive cases in the Tanzanian material compared with the Norwegian material could be explained by the prevalence of non-tuberculous mycobacteria in the environment. 34 An epidemiological study from Tanzania, where these samples were taken, showed that half of the culture positive cases were caused by non-tuberculous mycobacteria and that they were as common as M. tuberculosis in granulomatous lymph adenitis. 8 In recent years, environmental mycobacterial disease have become particularly relevant to human health, due to their high prevalence in HIVcoinfected patients. 35 Considering these facts, infection with non-tuberculous mycobacteria is a public health issue, making it important to differentiate between mycobacterial species in granulomatous infections.
Mycobacterial culture is generally used as a gold standard for the validation of any new diagnostic test. However, tuberculosis cultures are often unavailable when archival material is studied, as many tissues studied histologically are not concurrently cultured for tuberculosis. Furthermore, culture is positive in only a fraction of lymphadenitis cases. 8 Low culture positivity in extrapulmonary tuberculosis is well known and represents a general problem. This makes it problematic to use culture results as a gold standard for a test that is validated for paucibacillary tuberculosis lymphadenitis cases. In addition, mycobacterial culture does not differentiate between tuberculous and non-tuberculous mycobacteria either, unless specific tests are performed. PCR has been shown to have sensitivity ranging from 75 to 100% and specificity of 99 to 100%, by other studies using culture as the gold standard.
36,37 Accordingly, we used PCR as the gold standard for the detection of M. tuberculosis complex organisms in the causation of lymphadenitis.
In conclusion, immunohistochemistry with anti-MPT64 antiserum and PCR are rapid, sensitive, and specific methods for establishing an etiological diagnosis of tuberculosis using formalin-fixed, paraffin-embedded histologic specimens. Immunohistochemistry has the advantages over PCR of being robust, quicker, and cheaper, and it can be used in high-endemic countries. We therefore recommend using a combination of acid-fast staining and immunohistochemistry with MPT64 to establish a diagnosis of tuberculosis. This method could be adopted for use on smears obtained from fluids and fine-needle aspirates from various extrapulmonary tuberculosis sites and this is currently being investigated in our laboratory.
